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1. INTRODUCTION {#cas13423-sec-0001}
===============

Recent cancer immunotherapies including immune‐checkpoint blockade (ie blocking PD‐1, PD‐L1, or CTLA‐4) have produced durable clinical effects in some patients with various advanced cancers. However, only a subset of patients responds to this treatment, and not all responses continue indefinitely. Unresponsiveness to these immune‐checkpoint blockade therapies may be mediated by numerous immunosuppressive mechanisms that inhibit anti‐tumor T‐cell responses and T‐cell infiltration into tumor tissues.[1](#cas13423-bib-0001){ref-type="ref"}, [2](#cas13423-bib-0002){ref-type="ref"} Thus, combined therapies that can reverse such immunosuppression in non‐responders are urgently needed.

Hematopoietic cells and mesenchymal cells, which comprise the stromal microenvironment of tumors, play important roles in suppressing immune control of tumor growth. Among hematopoietic cells of interest are M2 macrophages, MDSC, and Treg. Accumulation of these suppressor cells has been associated with a poor prognosis in many cancers and with unfavorable clinical response to anti‐PD‐1/PD‐L1 or anti‐CTLA‐4 therapies.[1](#cas13423-bib-0001){ref-type="ref"}, [3](#cas13423-bib-0003){ref-type="ref"} The dominant mesenchymal cell component in tumor tissues is fibroblasts, which are strongly involved in cancer progression and metastasis.[4](#cas13423-bib-0004){ref-type="ref"}, [5](#cas13423-bib-0005){ref-type="ref"} Generally, CAF are thought to induce an immunosuppressive tumor microenvironment by producing a variety of cytokines and chemokines with an impact on tumor angiogenesis and remodeling of the extracellular matrix.[6](#cas13423-bib-0006){ref-type="ref"}

One strategy to reduce the effects of these immunosuppressive cancer stromal cells is to use neutralizing antibodies or inhibitors of immunosuppressive effector molecules produced by the stromal cells. We and other groups previously reported that targeting signaling pathways such as STAT3 or NF‐κB in cancer‐associated immunosuppressive cells could augment anti‐tumor T‐cell immune responses by reducing cancer‐associated immunosuppression.[7](#cas13423-bib-0007){ref-type="ref"}, [8](#cas13423-bib-0008){ref-type="ref"} Several studies have shown that currently used molecular target drugs for these pathways have synergistic anti‐tumor effects when combined with immunotherapies through immune‐related mechanisms.[9](#cas13423-bib-0009){ref-type="ref"}, [10](#cas13423-bib-0010){ref-type="ref"}, [11](#cas13423-bib-0011){ref-type="ref"}

Renin‐angiotensin system is generally thought of as an endocrine system that regulates hydromineral balance and blood pressure systemically. However, recent data have demonstrated that renin and angiotensinogen genes and their products, known as local RAS, are also expressed locally at many tissue sites, where they serve as fundamental regulators of many additional physiological and pathophysiological processes.[12](#cas13423-bib-0012){ref-type="ref"}

In cancer microenvironments, the major components of RAS are expressed in cancer cells as well as in stromal cells, such as macrophages and CAF.[12](#cas13423-bib-0012){ref-type="ref"} This local RAS in cancer tissues has been reported to be involved in cellular migration, proliferation, inflammation, and angiogenesis in the tumor and supporting stromal cells.[13](#cas13423-bib-0013){ref-type="ref"}, [14](#cas13423-bib-0014){ref-type="ref"}, [15](#cas13423-bib-0015){ref-type="ref"} RAS antagonists suppress tumor progression in a variety of experimental cancer models, and retrospective studies in humans show evidence that long‐term use of RAS inhibitors, such as ACE inhibitors or ARB may protect against cancer.[12](#cas13423-bib-0012){ref-type="ref"} In tumor tissues, Ang II, the main effector molecule of RAS, acting through AT1R on both tumor cells and stromal cells, regulates secretion of a variety of growth factors and cytokines, such as IL‐6, IL‐8, and VEGF, partly through activating NF‐κB and STAT family members.[16](#cas13423-bib-0016){ref-type="ref"}, [17](#cas13423-bib-0017){ref-type="ref"} Although these molecules and transcriptional factors are well known to induce cancer‐promoting inflammation and restrain anti‐tumor immune responses, few studies have evaluated the effect of local RAS on anti‐tumor immune responses. Additionally, few studies have been concerned with in vivo interaction of cancer cells and stromal cells and separately evaluated roles of RAS in cancer cells or stromal cells.

In the present study, by using a mouse model bearing a tumor cell line which does not express RAS components, we have separately evaluated immunosuppressive roles of local RAS especially in cancer stromal cells such as macrophages, MDSC and CAF for the induction of anti‐tumor immune responses, and whether ARB could reverse RAS‐induced immunosuppression and enhance the effect of current PD‐1/PD‐L1 immune‐checkpoint blockade therapies.

2. MATERIALS AND METHODS {#cas13423-sec-0002}
========================

2.1. Animals, cell lines, culture supernatants {#cas13423-sec-0003}
----------------------------------------------

Mice were bred at the animal facilities of Keio University according to guidelines for animal experimentation. CT26 was purchased from ATCC. MC38 was a gift from Surgery Branch, National Cancer Institute, National Institutes of Health (Bethesda, MD, USA). See Appendix [S1](#cas13423-sup-0001){ref-type="supplementary-material"} for more information of cell lines. Cell culture supernatants were obtained by culturing the cells at 1 × 10^6^ cells/1.5 mL per well for 24 hours. Transgenic mice that ubiquitously express EGFP under control of the CAG promoter[18](#cas13423-bib-0018){ref-type="ref"} were bred in our animal facility. All animal experiments in our study have been approved by the ethics committee on animal research of Keio University School of Medicine.

2.2. Real‐time RT‐PCR {#cas13423-sec-0004}
---------------------

Total RNA and cDNA synthesis and real‐time RT‐PCR were carried out using standard protocols. Primers for the target genes are listed in Appendix [S1](#cas13423-sup-0001){ref-type="supplementary-material"}.

2.3. WST‐1 cell proliferation analysis {#cas13423-sec-0005}
--------------------------------------

Cancer cell proliferation was evaluated using WST‐1 Solution Reagent (Roche, Basel, Switzerland) according to the manufacturer\'s instructions. See Appendix [S1](#cas13423-sup-0001){ref-type="supplementary-material"} for further details.

2.4. Tumor‐bearing mouse models {#cas13423-sec-0006}
-------------------------------

Six to eight‐week‐old C57B/6 and Balb/c mice were inoculated s.c. in the flank with 4 × 10^5^ MC38 and with 4 × 10^5^ CT26 cells on day 0, respectively. Mice were injected i.p. with vehicle (PBS), valsartan (15 mg/kg; LKT Laboratories, St Paul, MN, USA), or candesartan (6 mg/kg; Funakoshi, Tokyo, Japan) every day from day 6. In the combined therapy, anti‐PD‐L1 or isotype antibody (Ab) (200 μg/body; Bio X Cell, Lebanon, NH, USA) was given on day 7, 10, and 13. For cell depletion, Anti‐CD8 or isotype Ab (200 μg/body; Bio X Cell) was given i.p. on day 1, 4, 5, 6, 12, and 19. Tumor size was measured using the following formula: volume = 0.5 × (width)^2^ × (length). Tumor antigen (gp70)‐specific T‐cell responses were detected by modification of our previously reported method.[19](#cas13423-bib-0019){ref-type="ref"} See Appendix [S1](#cas13423-sup-0001){ref-type="supplementary-material"} for more information.

2.5. Flow cytometry and cell isolation {#cas13423-sec-0007}
--------------------------------------

Twenty days after tumor inoculation, resected tumor tissues were digested in RPMI‐1640 medium containing collagenase (1 mg/mL; Wako Pure Chemical Industries Ltd, Osaka, Japan) and DNase type 4 (20 U/mL; Sigma‐Aldrich, St Louis, MO, USA) for 1 hour at 37°C. Digested tumor tissues were stained with fluorescein‐conjugated monoclonal Abs and analyzed using Gallios (Beckman Coulter, Carlsbad, CA, USA). For cell isolation, tumor‐infiltrating CD11b^+^ cells were positively selected using anti‐CD11b microbeads (Miltenyi Biotec, Bergisch Gladbach, Germany) from CD11c^−^ cells which had been negatively selected from the digested tumor tissues using anti‐CD11c microbeads (Miltenyi Biotec). DC were positively selected using CD11c microbeads (Miltenyi Biotec) from draining lymph nodes 20 days after tumor inoculation. GFP^+^, DsRed, CD45^−^, CD31^−^, and Ter119^−^ cells were isolated as murine CAF from DsRed‐labeled MC38 tumor tissues inoculated on EGFP mice using MoFlo XDP (Beckman Coulter). Purity of fresh CAF (ratio of GFP^+^ DsRed CD45^−^ CD31^−^ Ter119^−^ cells in total sorted cells analyzed by FACS) was approximately 95% (data not shown). After 1‐day culture, approximately 95% (average value of positive cells counted in 10 randomly chosen images at 20× magnification) of the sorted cells were positive for both GFP and HSP47, a fibroblast marker (Fig. [S1](#cas13423-sup-0002){ref-type="supplementary-material"}). For further details and antibodies, see Appendix [S1](#cas13423-sup-0001){ref-type="supplementary-material"}.

2.6. Immunohistochemistry {#cas13423-sec-0008}
-------------------------

Immunohistochemistry was done on frozen sections (for CD8) or formalin‐fixed paraffin‐embedded sections (for CD31) of MC38 tumor tissues using standard protocols as previously described.[20](#cas13423-bib-0020){ref-type="ref"} For further details and antibodies, see Appendix [S1](#cas13423-sup-0001){ref-type="supplementary-material"}.

2.7. T‐cell proliferation assay {#cas13423-sec-0009}
-------------------------------

Activity of CD11b^+^ cells, DC or CAF to suppress or stimulate T cells was assessed by BrdU incorporation using a BrdU ELISA colorimetric assay (Roche) and the intracellular dye carboxyfluorescein succinimidyl ester (CFSE) (Dojindo, Tokyo, Japan). See Appendix [S1](#cas13423-sup-0001){ref-type="supplementary-material"} for more information.

2.8. Nuclear extract preparation and NF‐κB transcription activation assay {#cas13423-sec-0010}
-------------------------------------------------------------------------

Nuclear extracts of the cells were obtained using an NE‐PER Nuclear and Cytoplasmic Extraction Reagent kit (Thermo Fisher Scientific, Rockford, IL, USA) and their NF‐κB transcription activity was measured using NF‐κB Transcription Factor Microplate Assay (Thermo Fisher Scientific), according to the manufacturer\'s instructions.

2.9. NOS activity assay {#cas13423-sec-0011}
-----------------------

NOS activity was measured using Ultrasensitive Colorimetric NOS Assay Kits (Oxford Biomedical Research, Rochester Hills, MI, USA), according to the manufacturer\'s instructions.

2.10. Statistical analysis {#cas13423-sec-0012}
--------------------------

All results are expressed as mean ± SD. Data were subjected to statistical analysis (unpaired *t* test and Bonferroni/Dunn\'s test) to determine differences among the means of the experimental, treated, and control groups. Differences were considered to be statistically significant at *P* \< .05.

3. RESULTS {#cas13423-sec-0013}
==========

3.1. Angiotensin II receptor blockade enhanced induction of tumor antigen‐specific CD8^+^ cytotoxic T lymphocytes in vivo {#cas13423-sec-0014}
-------------------------------------------------------------------------------------------------------------------------

To investigate the role of RAS in stromal cells such as immune cells and CAF in tumor microenvironments, we chose a tumor‐bearing mouse model in which a murine colorectal carcinoma cell line, MC38, which expresses little of the RAS component gene by itself (Figure [1](#cas13423-fig-0001){ref-type="fig"}A), was s.c. inoculated. Because there was little expression of AT1R in MC38 cells, it was expected that RAS would have little direct effect on MC38 cell characteristics, such as cell growth (Fig. [S2](#cas13423-sup-0003){ref-type="supplementary-material"}). Using this model, we first evaluated the effect of ARB on induction of tumor antigen‐specific T cells in vivo. Six days after MC38 implantation, ARB were given i.p. every day and, 14 days later, cells from draining lymph nodes or spleens of the tumor‐bearing mice were stimulated in vitro with an immunodominant MC38 T‐cell epitope peptide, gp70, for 5 days. Induction of gp70‐specific T cells was evaluated by IFN‐γ release assay. Although in vivo growth of MC38 tumors was not affected (Figure [1](#cas13423-fig-0001){ref-type="fig"}B), induction of gp70‐specific T cells in the draining lymph nodes or in the spleens was significantly enhanced by the treatment of both ARB tested, valsartan and candesartan (lymph node: Figure [1](#cas13423-fig-0001){ref-type="fig"}C, spleen: data not shown). We also analyzed the character of tumor‐infiltrating T cells and found that gp70‐specific CTL (Figure [1](#cas13423-fig-0001){ref-type="fig"}D) was enhanced by valsartan treatment although the number of tumor‐infiltrating T cells was not increased (Fig. [S3](#cas13423-sup-0004){ref-type="supplementary-material"}). In addition, similar enhancement of tumor antigen‐specific CTL induction in draining lymph nodes (Figure [1](#cas13423-fig-0001){ref-type="fig"}E), accompanied by no change in tumor growth (Figure [1](#cas13423-fig-0001){ref-type="fig"}F), was also observed after valsartan treatment of CT26‐bearing mice (a murine colorectal cancer cell line expressing AT1R \[Figure [1](#cas13423-fig-0001){ref-type="fig"}A\] in which proliferation was not affected by valsartan or angiotensin II \[Fig. [S2](#cas13423-sup-0003){ref-type="supplementary-material"}\]). These results suggest that local RAS in tumor microenvironments might suppress tumor antigen‐specific T‐cell induction, an effect which can be reversed by giving systemic ARB.

![Angiotensin‐renin blockade enhanced induction of tumor antigen‐specific CTL. A, Expression of type I angiotensin receptor (AT1R), angiotensinogen, angiotensin‐converting enzyme (ACE), and renin mRNA relative to gene GAPDH RNA in murine cell lines measured by quantitative PCR (qPCR). Vertical axis shows the expression ratio of mRNAs. Expression level in B16 was defined as 1. B, C57BL/6 mice bearing MC38 tumors were treated with valsartan, candesartan, or DMSO (Control). Mean tumor size ± SD (n = 5). All data are from 3 independent experiments. C and D, At day 20, whole cells from draining lymph nodes were cultured and restimulated with gp70 peptide. Tumor‐infiltrating CD8^+^ T cells and irradiated syngeneic splenocytes were cocultured and restimulated with gp70 peptide. In vivo tumor antigen‐specific T‐cell induction from (C) draining lymph nodes and (D) tumor was evaluated by an interferon (IFN)‐γ releasing assay. All data are from 3 independent experiments. Error bars indicate SD. \**P* \< .05 using a *t* test. E, In vivo induction of tumor antigen (AH‐1)‐specific T cells from draining lymph nodes was evaluated by an IFN‐γ releasing assay in Balb/c‐CT26 mouse models. All data are from 2 independent experiments. Error bars indicate SD. \**P* \< .05 using a *t* test. F, Balb/c mice bearing CT26 tumors were treated with valsartan or DMSO (Control). Mean tumor size ± SD (n = 5). All data are from 2 independent experiments. Error bars indicate SD](CAS-109-54-g001){#cas13423-fig-0001}

3.2. ARB treatment reduced the T‐cell suppressive activity of tumor‐infiltrating CD11b^+^ cells {#cas13423-sec-0015}
-----------------------------------------------------------------------------------------------

We further evaluated the effect of ARB treatment on tumor‐infiltrating immune cells and found that treatment led to phenotypic changes in CD11b^+^ cells, including MDSC and macrophages. Protein expression of certain immune suppressive molecules, such as PGE2, IL‐6,[8](#cas13423-bib-0008){ref-type="ref"}, [21](#cas13423-bib-0021){ref-type="ref"} VEGF, and arginase, in tumor infiltrating CD11b^+^ CD11c^−^ cells containing macrophages and MDSC was significantly decreased by valsartan treatment (Figure [2](#cas13423-fig-0002){ref-type="fig"}A), whereas their expression in tumor tissues was not changed (Fig. [S4](#cas13423-sup-0005){ref-type="supplementary-material"}a). mRNA expression of these molecules was also decreased in each CD11b^+^ myeloid cell fraction, including macrophages, monocytic‐MDSC, and granulocytic‐MDSC (Figure [2](#cas13423-fig-0002){ref-type="fig"}B). IL‐6 is preferentially decreased in TAM. Only protein level in VEGF was decreased, suggesting possible post‐transcriptional regulation[22](#cas13423-bib-0022){ref-type="ref"} by valsartan in vivo. Additionally, the proportion of each cell fraction of CD11b^+^ cells (Fig. [S4](#cas13423-sup-0005){ref-type="supplementary-material"}a) and the expression of MHC class II molecules and PD‐L1 on macrophages and MDSC (Fig. [S4](#cas13423-sup-0005){ref-type="supplementary-material"}b) were not affected by valsartan treatment. Although VEGF production from CD11b^+^ CD11c^−^ cells was decreased in valsartan‐treated mice, angiogenesis in tumor tissues evaluated by immunohistochemical staining of CD31 was unaltered (Fig. [S4](#cas13423-sup-0005){ref-type="supplementary-material"}c).

![Angiotensin‐renin blockade reduced T‐cell suppressive activity of tumor‐infiltrating CD11b^+^ cells along with decreased production of immunosuppressive molecules. A, Prostaglandin E~2~ (PGE2), interleukin (IL)‐6 and vascular endothelial growth factor (VEGF) production and arginase activity of CD11b^+^ cells in tumors of MC38‐implanted mice were measured by ELISA and colorimetric method. B, COX2, interleukin (IL)‐6, VEGF, arginase, transforming growth factor β (TGF‐β), nitric oxide synthase (NOS)2 and IL‐10 mRNA expression relative to GAPDH mRNA in tumor‐infiltrating CD11b^+^ cells measured by quantitative PCR (qPCR). Expression level in the control group was defined as 1. C, Syngeneic T cells from C57BL/6 mice were cocultured with tumor‐infiltrating CD11b^+^ cells in the presence of anti‐CD3‐Ab for 3 days. T‐cell proliferation was measured by BrdU incorporation (left). T cells incubated without tumor‐infiltrating CD11b^+^ cells (1:0) served as a positive control and BrdU incorporation level in this group was defined as 1. T‐cell proliferation was also measured by flow cytometry using carboxyfluorescein succinimidyl ester (CFSE). CFSE intensity in CD3^+^ T cells is shown. Ratio of proliferating cells was increased by valsartan (right). D and E, Syngeneic T cells from C57BL/6 mice were cultured with culture supernatant from tumor‐infiltrating CD11b^+^ cells in the presence of anti‐CD3‐Ab (E) with or (D) without neutralizing antibodies (anti‐IL‐6 antibody, anti‐VEGF antibody, and anti‐PGE2 antibody) and an arginase inhibitor for 3 days. T‐cell proliferation was measured by BrdU incorporation. BrdU incorporation level in the group without supernatant was defined as 1. F and G, Tumor‐infiltrating CD11b^+^ cells were cultured with various concentrations of angiotensin II and valsartan in vitro. F, IL‐6 production from the tumor‐infiltrating CD11b^+^ cells was measured by ELISA. G, DNA‐binding activity of NF‐κB (p65) in nuclear lysates of tumor‐infiltrating CD11b^+^ cells was measured by NF‐κB Transcription Factor Microplate Assay (Thermo Fisher Scientific, Rockford, IL,USA). All data in Figure [2](#cas13423-fig-0002){ref-type="fig"} are from 3 independent experiments. Error bars indicate SD. \**P* \< .05 using a *t* test](CAS-109-54-g002){#cas13423-fig-0002}

Next, we evaluated the suppressive activity of CD11b^+^ CD11c^−^ myeloid cells on T‐cell proliferation. The CD11b^+^ CD11c^−^ cells isolated from the MC38 tumor tissues were cocultured in vitro with activated syngeneic splenic T cells stimulated by anti‐CD3 Abs, and suppression of T‐cell proliferation was evaluated by BrdU incorporation. The CD11b^+^ CD11c^−^ cells from valsartan‐treated mice had less suppressive activity on T‐cell proliferation compared with those from control mice (Figure [2](#cas13423-fig-0002){ref-type="fig"}C). Similarly, culture supernatants of the isolated CD11b^+^ CD11c^−^ myeloid cells also suppressed T‐cell proliferation. This suppressive activity was reduced by in vivo valsartan treatment (Figure [2](#cas13423-fig-0002){ref-type="fig"}D) or by neutralizing Abs or an inhibitor targeting each suppressive molecule, including PGE2, IL‐6, VEGF, and arginase (Figure [2](#cas13423-fig-0002){ref-type="fig"}E). Production of these molecules was shown to be inhibited by in vivo valsartan treatment (Figure [2](#cas13423-fig-0002){ref-type="fig"}A), indicating that ARB weaken the suppressive activity on T‐cell proliferation by macrophages and MDSC through reducing their production of PGE2, IL‐6, VEGF, and arginase.

Next, we evaluated whether RAS might directly affect IL‐6 production from CD11b^+^ cells. mRNA of AT1R was expressed on the tumor‐infiltrating CD11b^+^ cells (Fig. [S4](#cas13423-sup-0005){ref-type="supplementary-material"}d). Increased IL‐6 production accompanied by activation of NF‐κB, a representative transcriptional factor regulating IL‐6 mRNA expression, was observed in in vitro Ang II‐treated tumor‐infiltrating CD11b^+^ CD11c^−^ cells isolated from naive C57BL/6 mice, an effect that was inhibited by valsartan (Figure [2](#cas13423-fig-0002){ref-type="fig"}F,G). This demonstrates a direct effect of RAS on macrophages and MDSC.

Because inhibiting RAS has been reported to have suppressive effects on DC in vitro or in AT1R knockout mice[23](#cas13423-bib-0023){ref-type="ref"} and to induce Treg in autoimmunity models,[24](#cas13423-bib-0024){ref-type="ref"} we analyzed in vivo phenotypic changes of them in valsartan‐treated MC38‐bearing mice and found that the treatment affected neither T‐cell stimulatory activity of DC (Fig. [S4](#cas13423-sup-0005){ref-type="supplementary-material"}e) nor the number of tumor‐infiltrating Treg (Fig. [S4](#cas13423-sup-0005){ref-type="supplementary-material"}f).

These results suggest that local RAS activity in the tumor microenvironment affects mainly CD11b^+^ cells, such as macrophages and MDSC, to enhance suppression of T‐cell proliferation, partly by inducing expression of immunosuppressive molecules, such as IL‐6. This particular effect is inhibited by appropriate doses of ARB without affecting DC and Treg.

3.3. ARB treatment augmented the T‐cell stimulatory activity of CAF {#cas13423-sec-0016}
-------------------------------------------------------------------

Fibroblasts from various organs have been reported to express AT1R. CAF from the MC38 tumor tissue in this experiment also express AT1R (Fig. [S4](#cas13423-sup-0005){ref-type="supplementary-material"}d). Ang II stimulates their proliferation and induces production of various cytokines, such as TGF‐β,[25](#cas13423-bib-0025){ref-type="ref"}, [26](#cas13423-bib-0026){ref-type="ref"} some of which have immunosuppressive functions. CAF, which are considered to be immunosuppressive cells in the cancer microenvironment,[4](#cas13423-bib-0004){ref-type="ref"} also express AT1R.[27](#cas13423-bib-0027){ref-type="ref"} Thus, we evaluated the effect of ARB treatment on CAF phenotypes in our mouse models. For sorting of pure CAF, we used specially devised tumor‐bearing mouse models in which MC38 cells labeled by a fluorescent protein, DsRed, were inoculated into CAG‐EGFP transgenic mice that expressed EGFP ubiquitously. We sorted out the stromal non‐immune cells (EGFP^+^ DsRed CD45^−^ CD31^−^ Ter119^−^) as CAF from the tumor tissues of this mouse model. CAF sorted from valsartan‐treated mice had significantly lowered expression of CXCL12 and NOS2 (Figure [3](#cas13423-fig-0003){ref-type="fig"}A,B), both of which are related to the inhibition of anti‐tumor immune responses.[28](#cas13423-bib-0028){ref-type="ref"}, [29](#cas13423-bib-0029){ref-type="ref"}, [30](#cas13423-bib-0030){ref-type="ref"}, [31](#cas13423-bib-0031){ref-type="ref"} When evaluating the effect of CAF on T‐cell proliferation in vitro, CAF from valsartan‐treated mice showed T‐cell stimulatory activities, whereas CAF from control mice had no effect on T‐cell proliferation (Figure [3](#cas13423-fig-0003){ref-type="fig"}C). These results suggest that local RAS in the tumor microenvironment might contribute to the immunosuppressive character of CAF, an effect that can be altered by ARB treatment.

![Angiotensin‐renin blockade increased T‐cell stimulatory function of cancer‐associated fibroblasts and decreased their expression of nitric oxide synthase (NOS)2 and chemokine (C‐X‐C motif) ligand (CXCL12). A, Genes expressed in cancer‐associated fibroblasts (CAF) were measured by quantitative PCR (qPCR). Levels are normalized to the control. B, NOS activity of CAF was measured using ultrasensitive colorimetric NOS assay kits. C, Murine CAF were isolated from dsRed‐labeled MC38 tumor‐bearing enhanced green fluorescent protein (EGFP) mice (n = 3). CAF were irradiated and cocultured with T cells from C57BL/6 mice in the presence of anti‐CD3‐Ab for 3 days. T‐cell proliferation was measured by BrdU incorporation. T cells incubated without CAF (1:0) served as a negative control and BrdU incorporation level in this group was defined as 1. All data in Figure [3](#cas13423-fig-0003){ref-type="fig"} are from 3 independent experiments. Error bars indicate SD. \**P* \< .05 using a *t* test.](CAS-109-54-g003){#cas13423-fig-0003}

3.4. Combined therapy with ARB and anti‐PD‐L1 antibody showed synergistic anti‐tumor effects {#cas13423-sec-0017}
--------------------------------------------------------------------------------------------

Although the induction of tumor antigen‐specific T cells was significantly augmented by ARB treatment (Figure [1](#cas13423-fig-0001){ref-type="fig"}C,D), no significant anti‐tumor effects were observed (Figure [1](#cas13423-fig-0001){ref-type="fig"}B). Therefore, we tried combined therapy with ARB and anti‐PD‐L1 Ab. Compared with the control group, tumor proliferation was significantly suppressed in the combined therapy group, whereas no significant suppression was observed with ARB or anti‐PD‐L1 antibody monotherapy (Figure [4](#cas13423-fig-0004){ref-type="fig"}A). Abrogation of the anti‐tumor effect of the combined therapy by CD8^+^ T‐cell depletion indicates an essential role of T‐cell‐mediated immune responses for the synergistic effect (Figure [4](#cas13423-fig-0004){ref-type="fig"}A). Additionally, Ang II did not affect PD‐L1 expression in MC38 cells in vitro, and there was no change in PD‐L1 expression in MC38 cells, TAM and CAF following ARB treatment in vivo. Figure [4](#cas13423-fig-0004){ref-type="fig"}B,C, Figs [S4](#cas13423-sup-0005){ref-type="supplementary-material"}b and [S5](#cas13423-sup-0006){ref-type="supplementary-material"}, suggesting the synergistic effect of this combined therapy was not a result of the direct effect of ARB on their PD‐L1 expression.

![Combination of angiotensin‐receptor blockade and anti‐programmed death‐ligand (anti‐PD‐L1) antibody treatment inhibited tumor growth in MC38‐bearing mice. A, MC38 cells (4 × 10^5^) were s.c. injected into C57BL/6 mice on day 0. Anti‐PD‐L1 antibody or isotype antibody (200 μg) was given on days 7, 10, and 13. Rat anti‐mouse CD8 or isotype antibody (200 μg) was given i.p. 1 day before tumor implantation and on days 4, 5, 6, 12, and 19 after tumor implantation. Tumor volumes were measured every 3‐4 days. Mean tumor size ± SD (n = 5). All data are from 3 independent experiments. \**P* \< .05 comparing untreated mice (control) with valsartan + anti‐PD‐L1 antibody‐treated mice. B, PD‐L1 expression levels of MC38 cultured with various concentrations of angiotensin II and valsartan in vitro were measured by flow cytometry. All data are from 3 independent experiments. Error bars indicate SD. C, PD‐L1 expression levels of MC38 tumor from the untreated or valsartan‐administered mouse were measured by flow cytometry. All data are from 2 independent experiments. Error bars indicate SD. \**P* \< .05 using a *t* test. n.s., not significant](CAS-109-54-g004){#cas13423-fig-0004}

Collectively, the results of the present study demonstrated that local RAS in cancer microenvironments induces immune suppression by affecting macrophages as well as MDSC and CAF, effects that could be counteracted by ARB treatment, supporting the combined use of ARB with PD‐1/PD‐L1 blockade therapies.

4. DISCUSSION {#cas13423-sec-0018}
=============

There are various in vitro studies evaluating the role of RAS in the induction of immune responses. For example, activation of RAS enhances antigen‐specific T‐cell responses, which can be blocked by ARB.[32](#cas13423-bib-0032){ref-type="ref"} ARB also inhibit the differentiation of human DC from monocytes and their maturation by LPS stimulation.[23](#cas13423-bib-0023){ref-type="ref"} In non‐tumor‐bearing mouse models, RAS has been reported to be involved in the induction of T‐cell responses.[33](#cas13423-bib-0033){ref-type="ref"} However, few studies have reported the role of RAS in the induction of anti‐cancer T‐cell responses. In the present study, we identified local RAS activity in cancer stromal cells, including macrophages, MDSC, and fibroblasts, as a potent inducer of immunosuppression in the cancer microenvironment. Inhibition of this local RAS using ARB increased the induction and infiltration of tumor antigen‐specific T cells, leading to enhanced anti‐tumor efficacy of anti PD‐L1 Ab therapies.

In animal models, accumulating evidence indicates that inhibition of RAS suppresses tumor growth mainly by inhibiting angiogenesis.[13](#cas13423-bib-0013){ref-type="ref"}, [34](#cas13423-bib-0034){ref-type="ref"} In our mouse model using MC38, although VEGF production from CD11b^+^ cells was reduced, angiogenesis evaluated by CD31 staining and tumor growth were not affected by ARB treatment. There are multiple factors regulating angiogenesis, which are specific for each model. Dose of ARB and characteristics of MC38 cells, which express few of the RAS component genes, may explain why we saw no change in angiogenesis in our models. Lack of change in tumor size and in angiogenesis enables precise evaluation of the role of RAS in suppression of the immune response to tumors in our study because tumor size itself influences tumor immune responses to some extent. Although it has been reported, in the past, that ARB inhibits tumor growth through angiogenesis, our results indicated that tumor growth can be inhibited through the immune response with no involvement of angiogenesis.

Physiologically, hematopoietic stem cells express ACE,[35](#cas13423-bib-0035){ref-type="ref"} and ACE promotes the generation of myeloid progenitors[36](#cas13423-bib-0036){ref-type="ref"} in an AT1R‐dependent way. Recently, Cortez‐Retamozo et al[37](#cas13423-bib-0037){ref-type="ref"} reported that overproduction of Ang II by tumor tissues in a tumor‐bearing mouse model amplified macrophage progenitors in the spleen, leading to increased accumulation of TAM. They also showed that enalapril, an ACE inhibitor, inhibited tumor progression, an effect accompanied by a reduced number of TAM. Their study suggests a significant role for systemic RAS in TAM differentiation. However, the role of RAS in myeloid‐mediated immune responses against cancers has not been well addressed. Furthermore, although Ang peptide levels have been reported to be elevated in some patients with cancer, this is not always the case.[38](#cas13423-bib-0038){ref-type="ref"}, [39](#cas13423-bib-0039){ref-type="ref"} In our study, plasma Ang II was not elevated in tumor‐bearing mice (data not shown), possibly because MC38 cells do not express RAS‐component genes. The number of CD11b^+^ cells, including macrophages and MDSC, was not affected by ARB treatment. Our observation suggests that even if Ang II was not elevated systemically, RAS might locally affect the suppressive activity of tumor‐infiltrating CD11b^+^ cells, leading to suppressed anti‐tumor T‐cell responses.

Accumulation of MDSC as a result of dysfunctional myelopoiesis and the polarization of macrophages toward the M2 phenotype in tumor tissues promote tumor growth by suppressing the immune response as well as by supporting angiogenesis, tumor cell survival, and metastasis. Although it is well known that AT1R is expressed on these cells, the role of local RAS in their suppressive activities remains largely unknown. In the transgenic ACE 10/10 mouse generated by the promoter‐swapping technique where ACE are overexpressed only in macrophages and myeloid‐lineages, tumor growth has been reported to be suppressed with an increased number of tumor‐specific T cells and M1‐like macrophages characterized by high IL‐12.[40](#cas13423-bib-0040){ref-type="ref"} As for MDSC, the number of CD11b^+^ Gr‐1^+^ cells were decreased in the spleens of ACE 10/10 mice.[41](#cas13423-bib-0041){ref-type="ref"} Unlike our findings, these observations suggest that ACE in macrophages and MDSC has anti‐tumor properties. However, the expression of ACE in that model was much higher than physiological levels, and these phenotypes of tumor‐bearing ACE 10/10 mice were not critically dependent on the AT1R signal, because ARB could not reverse these phenotypes in that study.[40](#cas13423-bib-0040){ref-type="ref"} Neither infiltration of MDSC into tumors nor their suppressive activity has been evaluated. Our study shows that physiological levels of Ang II (data not shown) in cancer microenvironments are involved in the suppressive activities of tumor‐infiltrating macrophages and MDSC.

Cancer‐associated fibroblasts are generally considered to be immunosuppressive cells in cancer microenvironments because of their secretion and expression of immunosuppressive molecules, such as nitric oxide, TGF‐β1, indoleamine‐pyrrole 2,3‐dioxygenase, PGE2, PD‐L1 and PD‐L2.[6](#cas13423-bib-0006){ref-type="ref"}, [42](#cas13423-bib-0042){ref-type="ref"} Although most reports have been based on in vitro experiments using cultured and expanded CAF, a recent study using genetically engineered mouse models where CAF were depleted, showed that CAF were directly involved in decreased anti‐tumor CD8^+^ T‐cell responses.[43](#cas13423-bib-0043){ref-type="ref"}, [44](#cas13423-bib-0044){ref-type="ref"} CAF also produce CXCL12, which has been shown to inhibit T‐cell infiltration into tumor tissues, leading to reduced anti‐tumor effects of anti‐CTLA‐4 Ab and anti‐PD‐L1 Ab in a pancreatic cancer model.[28](#cas13423-bib-0028){ref-type="ref"} These studies have shown in vivo immunosuppressive roles for CAF. Although CAF expressing AT1R[27](#cas13423-bib-0027){ref-type="ref"} and Ang II were reported to be involved in fibroblast proliferation and secretion of some of the above immunosuppressive factors, the role of RAS in CAF‐mediated anti‐tumor immune responses has not been well evaluated. Our study suggests that local RAS is involved in generating CAF immunosuppressive properties by enhancing its NOS2 and CXCL12 expression, effects that could be modified by ARB treatment.

Several retrospective evaluations of the effects of ACE inhibitors or ARB treatment on cancer incidence have produced conflicting conclusions. Decreases,[45](#cas13423-bib-0045){ref-type="ref"} increases,[46](#cas13423-bib-0046){ref-type="ref"} and no change[47](#cas13423-bib-0047){ref-type="ref"} in cancer incidence have been reported. However, the concurrent use of ARB with chemotherapy has shown synergistic clinical effects in many studies. Recently, it has been reported that the composition, localization, and function of tumor‐infiltrating lymphoid and myeloid cells, called the immune contexture, has major prognostic value in cancer patients treated with chemotherapy.[48](#cas13423-bib-0048){ref-type="ref"} One of the mechanisms of these synergistic effects might be improvement of the cancer immunological microenvironment by ACE inhibitors or ARB as shown in our study.

As it has been reported that large amounts of MDSC or VEGF are related to resistance to immunotherapy such as anti‐PD‐1 therapy, it is important to suppress MDSC and VEGF. Various drugs have been developed to control MDSC and VEGF in order to augment the treatment effects of immunotherapy. However, few have come into practical use because of the side‐effects. As ARB is already used in general clinical settings, it can be safely used without any serious side‐effects such as drug repositioning. ARB is useful when used in combination with immunotherapy because it can decrease the immunosuppressive ability such as VEGF production by CD11b^+^ cells including MDSC.

In conclusion, we have shown that local RAS in cancer microenvironments has a profound impact, inducing immunosuppression by enhancing the immunosuppressive activities of macrophages, MDSC, and CAF. This effect is reversed by ARB treatment. ARB is therefore a candidate for combined use with immune‐checkpoint blockade therapies, such as anti‐PD‐1 Ab. Our results suggest that ARB, a drug that is already in use, can transform the immunosuppressive properties of stromal cells shared by a diverse range of tumors, meaning that it could be used in a new treatment strategy in combination with immunotherapy.
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